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We update the estimations for the masses of the (uud)8c(cc¯)8c and (uds)8c(cc¯)8c pentaquark states
by considering the isospin breaking effects. Their values are determined by calculating mass distances
from the Σ++c D
− and Ξ′+c D
− thresholds, respectively. From the uncertainty consideration and the
rearrangement decay properties in a simple model, we find that it is possible to assign the Pc(4457)
+,
Pc(4440)
+, and Pc(4312)
+ as JP = 3/2−, 1/2−, and 3/2− pentaquark states, respectively. The
assignment in the molecule picture can be different, in particular for the Pc(4312)
+. The information
from open-charm channels, e.g. B[Pc → Σ++c D−]/B[Pc → J/ψp], will play an important role
in distinguishing the inner structures of the Pc states. Discussions and predictions based on the
calculations are also given.
PACS numbers: 14.20.Pt, 12.39.Jh
I. INTRODUCTION
The LHCb Collaboration observed two pentaquark-like Pc(4380) and Pc(4450) states in the invariant mass dis-
tribution of J/ψp in the Λ0b decay in 2015 [1–3]. In the literature, there are pioneering works about hidden-charm
type pentaquarks before the observation [4–8] and lots of heated discussions on their structures motivated by this
observation. These two Pc states have been widely discussed in the ΣcD¯
∗, Σ∗cD¯, or Σ
∗
cD¯
∗ molecule picture, diquark-
diquark-antiquark picture, diquark-triquark picture, compact pentaquark picture, and nonresonance picture. One
may consult Refs. [9, 10] for details about relevant investigations existing in recent years. Very recently, the LHCb
announced the new observation of three narrow pentaquark-like states in the J/ψp channel with their updated data
for Λ0b → J/ψpK− [11]. The measured masses and widths are
M(Pc(4312)
+) = 4311.9± 0.7+6.8−0.6 MeV, Γ(Pc(4312)+) = 9.8± 2.7+3.7−4.5 MeV,
M(Pc(4440)
+) = 4440.3± 1.3+4.1−4.7 MeV, Γ(Pc(4440)+) = 20.6± 4.9+8.7−10.1 MeV,
M(Pc(4457)
+) = 4457.3± 0.6+4.1−1.7 MeV, Γ(Pc(4457)+) = 6.4± 2.0+5.7−1.9 MeV. (1)
The previously observed Pc(4450) actually consists of the latter two states.
These three newly observed Pc states are certainly helpful to deepen our understandings about the nature of
strong interactions. Because these states are just below the ΣcD¯ or ΣcD¯
∗ threshold with narrow decay widths, a
typical feature expected for molecules, their structures in the molecule picture have been discussed through various
approaches, the QCD sum rule method [12, 13], the meson-exchange model [14, 15], the contact-range potential
model [16], the Bethe-Salpeter equation approach [17], the quark-level or hadron-level scattering methods [18–20],
solving the quark-level 5-body problem [21, 22], studying the decay properties [23, 24] or the multiplet structures [25],
and analyzing the underlying reaction amplitude [26]. Most investigations favor the molecule picture. A different
interpretation is to assign them as hadrocharmonium states [27]. Constraints on the branching ratios of Pc → J/ψp
are discussed in Ref. [28] while the photoproductions of the Pc states in γp→ J/ψp are studied in Ref. [29].
In fact, the present experimental data did not exclude the possibility that the LHCb Pc states are compact pen-
taquarks, since information about quantum numbers and decay properties is still lacking. The compact diquark-
diquark-antidiquark picture [30, 31] and tightly bound pentaqurk picture [32] can also give masses close to the
measured values. In this paper, we would like to investigate another possibility, namely, they are compact pentaquark
states composed of colored cc¯.
Previously, we have systematically estimated the spectra of the (qqq)8c(cc¯)8c pentaquarks in Ref. [33] with a
chromomagnetic interaction (CMI) model. The masses of Pc(4380) and Pc(4450) fall in the mass region of such
states. The mass of the lowest uudcc¯ state was found to be consistent with the prediction in the molecule picture
given in Ref. [4]. If one checks for the lowest udscc¯ state, these two pictures also give comparable masses. Note that
the obtained masses in the compact pentaquark picture mainly rely on the mass splittings of conventional hadrons.
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2The comparable results indicate that these two pictures probably have some relations in the qqqQQ¯ systems because
both calculations exclude the (cc¯)1c(uud)1c configuration
1. If the Pc(4312)
+ is a ΣcD¯ molecule state, the short-range
ρ-meson exchange interaction would be important [11, 35]. Note that the important short-range interaction also
implies that the gluon-exchange interaction should not be negligible2. It is possible to explain the Pc masses in both
pictures. However, the decay properties of pentaquarks should be different and the relevant studies are helpful to
distinguish their structures. Here, we improve the spectra of uudcc¯ and udscc¯ states and explore their rearrangement
decay properties by considering the isospin breaking effects. Comparison of decays in this pentaquark picture and in
the molecule picture will also be discussed. In understanding the nature of Pc(4380) and Pc(4450) and in predicting
other pentaquark states, investigations in this compact picture were also performed in Refs. [39–42].
This paper is organized as follows. In Sec. II, we present the formalism for the study. Then we give our numerical
results and discussions in Sec. III for the uudcc¯ pentaquark states. Sec. IV is about the udscc¯ states. We give some
discussions and a short summary in the final Sec. V.
II. FORMALISM
A. Spectrum
When calculating the mass splittings between the pentaquarks, we use the color-magnetic interaction (CMI) model
[10]. The coupling term reads
HCM = −
∑
i<j
Cijλi · λjσi · σj , (2)
where the i-th Gell-Mann matrix λi should be replaced with −λ∗i for an antiquark. The effective coupling parameter
Cij between the i-th quark component and the j-th quark component can be determined from the mass splittings of
the known ground hadrons. Their values we will use are shown in Table I. Here, the isospin breaking effects have
been considered.
TABLE I: The effective coupling parameters (units: MeV) determined from the mass differences between ground hadrons. The
isospin breaking effects have been considered.
Cuu = 20.01 Cud = 19.16 Cdd = 18.87 Cuc = 4.03
Cdc = 4.05 Cuc¯ = 6.66 Cdc¯ = 6.59 Ccc¯ = 5.30
Cus = 12.09 Cds = 11.86 Csc = 4.44 Csc¯ = 6.74
The required matrix elements of HCM can be calculated by constructing the flavor-color-spin wave functions of the
ground pentaquark states. We have obtained the expressions of 〈HCM 〉 in Ref. [33] and do not repeat all the results
here.
When one considers the q1q2q3q4q¯5 = uudcc¯ pentaquark states, the CMI matrices have the same expressions as
Eqs. (12), (13), and (14) of Ref. [33] for the cases J = 5/2, J = 3/2, and J = 1/2, respectively. The base state is
[(uud)SMA(cc¯)
1
8]
5/2 for the case J = 5/2, where the superscript S indicates that the spin of uud is 3/2 and the subscript
MA means that the color representation of uud is 8MA, i.e. the first two quarks are antisymmetric. The spins of the
cc¯ and the pentaquark as well as the color representation of cc¯ are explicitly given. The base vectors for the cases
J = 3/2 and J = 1/2 are
J =
3
2
: ([(uud)SMA(cc¯)
1
8]
3
2 , [(uud)SMA(cc¯)
0
8]
3
2 , [(uud)MSMA(cc¯)
1
8]
3
2 , [(uud)MAMS (cc¯)
0
8]
3
2 )T ;
J =
1
2
: ([(uud)SMA(cc¯)
1
8]
1
2 , [(uud)MSMA(cc¯)
1
8]
1
2 , [(uud)MSMA(cc¯)
0
8]
1
2 , [(uud)MAMS (cc¯)
1
8]
1
2 , [(uud)MAMS (cc¯)
1
8]
1
2 )T . (3)
1 In a similar study for the (QQQ)8c (qq¯)8c systems [34], the compact pentaquark picture gives higher masses than the molecule picture.
In that case, an observed state around the ΞccD threshold can be claimed as a molecule undoubtedly.
2 The proposal of the extended chiral quark model in Ref. [36] is based on the spirit that the vector-meson exchange interactions can
replace part of one-gluon-exchange interactions [37, 38].
3When one considers the q1q2q3q4q¯5 = udscc¯ states, the CMI matrices have the form [43]
〈HCM 〉J =
(
X Y
Y T Z
)
, (4)
where X and Z are symmetric matrices. The base states for the X part are obtained by replacing uud with uds.
Those for the Z part are
J =
5
2
: [(uds)SMS(cc¯)
1
8]
5
2 ;
J =
3
2
: [(uds)SMS(cc¯)
1
8]
3
2 , [(uds)SMS(cc¯)
0
8]
3
2 , [(uds)MSMS(cc¯)
1
8]
3
2 , [(uds)MAMA(cc¯)
0
8]
3
2 ;
J =
1
2
: [(uds)SMS(cc¯)
1
8]
1
2 , [(uds)MSMS(cc¯)
1
8]
1
2 , [(uds)MSMS(cc¯)
0
8]
1
2 , [(uds)MAMA(cc¯)
1
8]
1
2 , [(uds)MAMA(cc¯)
0
8]
1
2 . (5)
The X expressions are slightly different from those given in Eqs. (12), (13), and (14) of Ref. [33] for the cases J = 5/2,
J = 3/2, and J = 1/2, respectively. For Z, the expressions are slightly different from those given in Eqs. (15), (16),
and (17) of Ref. [33] for the cases J = 5/2, J = 3/2, and J = 1/2, respectively. They can be obtained with the
replacements C13 → (C13 + C23)/2, C14 → (C14 + C24)/2, and C15 → (C15 + C25)/2.
The Y matrices account for the isospin breaking effects which are related with only Cux − Cdx with x standing
for s, c, or c¯. We here give their expressions explicitly. For convenience, we define the variables θ = C13 − C23,
τ = C14 − C24, and η = C15 − C25. For the J = 5/2 case, one has
Y =
1√
3
[
3(C13 − C23) + (C14 − C24)− 4(C15 − C25)
]
. (6)
For the J = 3/2 case, we have
Y =

√
3
9 (9θ − 2τ + 8η)
√
5
3 (τ + 4η) −
√
15
9 (τ − 4η) −
√
15
9 (7τ + 2η)√
5
3 (τ + 4η)
√
3θ 13 (τ + 4η)
1
3 (7τ − 2η)
−
√
15
9 (τ − 4η) 13 (τ + 4η) − 2
√
3
9 (9θ − τ + 4η)
√
3
9 (3θ − 7τ − 2η)
− 9
√
15
9 (τ + 2η)
5
3 (τ − 2η) − 5
√
3
9 (3θ + τ + 2η) 0
 . (7)
This matrix is not symmetric. For the J = 1/2 case, we have
Y =

√
3
9 (9θ − 5τ + 20η) −
√
6
9 (τ − 4η) −
√
2
3 (τ + 4η) −
√
6
9 (7τ + 2η) −
√
2
3 (7τ − 2η)
−
√
6
9 (τ − 4η) − 2
√
3
9 (9θ + 2τ − 8η) 23 (τ + 4η)
√
3
9 (3θ + 14τ + 4η) − 13 (7τ − 2η)
−
√
2
3 (τ + 4η)
2
3 (τ + 4η) −2
√
3θ − 13 (7τ − 2η) 1√3θ
− 5
√
6
9 (τ + 2η) − 5
√
3
9 (3θ − 2τ − 4η) − 53 (τ − 2η) 0 0
− 5
√
2
3 (τ − 2η) − 53 (τ − 2η) − 5√3θ 0 0
 . (8)
The pentaquark masses will be estimated with the formula [10]
Mpenta = [Mref − 〈HCM 〉ref ] + 〈HCM 〉penta, (9)
where we take the reference mass scale Mref as the threshold of a (qqc)-(qc¯) baryon-meson channel. Because the
model does not involve dynamics and a definite prediction cannot be made, we have to choose the channel so that the
theoretical calculations are close to the realistic case. Probably the adoption of the threshold resulting in high-mass
pentaquarks is a reasonable selection [44] and we use this strategy in the following parts. The method with Eq. (9)
has also been applied recently to the csc¯s¯ [45], QQQ¯Q¯ [46], QQQ¯q¯ [47], qqQ¯Q¯ [48], QQqqq¯ [49], QQQqq¯ [34], and
qqQQQ¯ [50] systems.
We have considered the mixing effects between different color-spin structures of pentaquark states. The effective
color-magnetic interactions between a pair of quark components are different for states with different quantum num-
bers. If we define a measure to reflect the interaction strength, the value of the CMI for a pentaquark state can be
written as
〈HCM 〉penta =
∑
i<j
KijCij , (10)
4where Kij is the defined measure [10, 34]. In the color-magnetic model, a coupling parameter Cij for one state should,
in principle, differ from the same parameter for another state, since it relies on the spacial wave function. In practice,
they are extracted from conventional meson and baryons and are treated as universal parameters. It is obvious that
the adopted parameters result in uncertainties in mass splittings for pentaquark states. The measure Kij provides a
method to reflect the effects on the change of coupling parameters.
B. Rearrangement decays
To explore the decay properties of the pentaquark states through rearrangement mechanisms, we here use a very
simple scheme to estimate the amplitudeM: the quark-level Hamiltonian for decay is taken as a constant Hdecay = α.
The two-body partial decay widths are then calculated with the standard formula,
Γ = |M|2 |~p1|
8piM2penta
, (11)
where |~p1| is the three-momentum of a final state in the center-of-mass frame. The amplitude squared |M|2 is then
calculated by finding the possibility of the final state existing in the initial state. Because the Pauli principle has
effects on the identical u quarks in the initial state wave function while it has no effect on quarks in the wave function
of the final state (udc)-(uc¯), perhaps a question may arise in re-coupling the initial wave function. One may calculate
|M|2 by re-coupling the final wave function into the form of the above pentaquark base states, i.e.
(q1q2c)(q3c¯) =
∑
i
Yi(q1q2q3cc¯)i, or
∑
i
Yi(q1q3q2cc¯)i, or
∑
i
Yi(q3q1q2cc¯)i, (12)
where Yi’s are obtained from the SU(3) and SU(2) Clebsch-Gordan coefficients. An initial state wave function can
also be expressed in a similar form
ψpenta =
∑
i
Xi(q1q2q3cc¯)i. (13)
Then |M|2 = α2|∑iXiYi|2. In the pentaquark picture we consider, this simple estimation method cannot describe
the hidden-charm decays.
When comparing numerical results with experimental results, we will use the ratios of total widths between the Pc
states,
Γ(Pc(4440)
+) : Γ(Pc(4457)
+) = 3.2+2.1−3.5 : 1,
Γ(Pc(4440)
+) : Γ(Pc(4312)
+) = 2.1+1.5−1.5 : 1,
Γ(Pc(4312)
+) : Γ(Pc(4457)
+) = 1.5+1.0−1.7 : 1. (14)
III. THE uudcc¯ PENTAQUARK STATES
With the parameters determined in Table I, we get the numerical CMI matrices for the uudcc¯ case. Then their
eigenvalues, the pentaquark masses estimated with the Σ++c D
− threshold, and the measures Kij ’s can be obtained.
These results are shown in Table II. Fig. 1 illustrates the relative positions of the pentaquark states. From the CMI
eigenvectors, it is clear that the highest three states, one with J = 3/2 and two with J = 1/2, have dominantly
I = 3/2 components. The isospin breaking effects in pentaquark spectrum are not significant, which is observed from
the masses differences |Mdducc¯ −Muudcc¯| < 3 MeV. From the obtained Kij ’s, one may check whether the effective
CMI is attractive or repulsive and understand roughly the effects on pentaquark masses due to the change of coupling
parameters.
From Fig. 1, the JP = 1/2− state with mass 4451 MeV and the JP = 3/2− state with mass 4448 MeV agree
nicely with the observed Pc(4457)
+ and Pc(4440)
+, respectively. This fact indicates the reasonability in estimating
the masses of qqqcc¯ pentaquarks with Eq. (9). However, Ali and Parkhomenko stressed in Ref. [30] that only the mass
closeness cannot support the molecule interpretation for the Pc states. Similarly, we cannot assign the Pc(4457)
+ to
be a JP = 1/2− (uud)8c(cc¯)8c pentaquark and the Pc(4440)
+ to be a JP = 3/2− (uud)8c(cc¯)8c pentaquark just from
Fig. 1. Both the mass uncertainties and decay properties should be considered.
There are two sources contributing to the mass uncertainties in the present estimation method, the reference scale
and the values of coupling parameters. We temporarily assume that the used reference scale is reasonable and its
5TABLE II: The results for the (uud)8c(cc¯)8c pentaquark states in the case mu 6= md. The CMI eigenvalues in the second
column and the pentaquark masses estimated with the Σ++c D
− threshold in the third column are given in units of MeV.
JP Eigenvalue Σ++c D
− Kuu Kud Kuc Kuc¯ Kdc Kdc¯ Kcc¯
5
2
−
100.9 4519.6 2.67 -0.67 4.67 1.33 1.33 4.67 -0.67
3
2
−
182.2 4600.9 3.34 6.66 2.21 -2.18 1.13 -1.16 -0.67
77.6 4496.3 2.82 -1.78 3.03 3.05 -0.37 2.60 1.35
29.8 4448.4 2.81 -1.70 -8.71 2.86 0.14 3.55 -0.37
-79.3 4339.4 3.03 -3.18 3.47 -3.74 0.44 -10.32 -0.31
1
2
−
268.3 4687.0 3.34 6.66 1.56 6.13 0.79 3.06 0.63
145.0 4563.7 3.34 6.66 -5.99 -1.65 -3.03 -0.88 0.70
32.4 4451.0 3.09 -3.66 -0.43 4.82 -2.72 2.49 0.92
-79.5 4339.2 3.30 -5.14 -2.02 -8.79 0.12 3.09 -0.22
-129.1 4289.6 2.93 -2.52 -7.12 -4.52 -1.82 -11.09 -0.03
4290
4339
4451
4564
4687
4339
4448
4496
4601
4520
1
2
− 3
2
− 5
2
−
ΛcD¯
0
ΛcD¯
∗0Σ
+
c D¯
0 Σ++c D
−
Σ+c D¯
∗0 Σ++c D∗−
Σ∗+c D¯0 Σ
∗++
c D
−
Σ∗+c D¯∗0 Σ
∗++
c D
∗−
ηcp
J/ψp
J/ψΔ
ηcΔ
FIG. 1: Relative positions for the obtained (uud)8c(cc¯)8c pentaquark states (solid and dashed short lines), relevant meson-
baryon thresholds (dotted long lines), and the newly observed three Pc states (solid long lines). The pentaquark masses are
given in units of MeV. We have used dashed short lines to denote pentaquarks having dominantly I = 3/2 components.
effects will be discussed later. Then the masses are affected mainly by the uncertainties of Cij ’s in Eq. (2). It is still
an open question whether the coupling constants derived from the conventional hadrons are applicable to multiquark
states or not. In the case that the Cij ’s for multiquark states are not far from those for conventional hadrons, one
finds that it is possible to reverse the mass order by adjusting the values of coupling parameters. Then assigning
the Pc(4457)
+ to be a JP = 3/2− state and the Pc(4440)+ to be a JP = 1/2− state is also possible. The mass
uncertainties caused by the adjustment Cij → Cij ± 1 MeV can reach tens of MeV, which may be understood with
the Kij ’s shown in Table II. In the following discussions, we always assume that the obtained CMI eigenvalues in
Table II are consistent with experiments and are thus acceptable.
From Fig. 1, there are three pentaquark states around 4.3 GeV and each of them can be assigned as the Pc(4312)
+.
Then the possible JP assignments for the three Pc states are: (Pc(4457)
+, Pc(4440)
+)→ (1/2−, 3/2−) or (3/2−, 1/2−)
while Pc(4312)
+ → 1/2− or 3/2−. To get more information about their JP assignments, one needs to study the decay
properties of the pentaquarks.
In Table III, we present the results of decay widths for the rearrangement channels. There is no hidden-charm
decay mode in the present simple model, which is a feature consistent with the analysis given in Ref. [28], B(Pc →
J/ψp) < 2%. If we assume the approximation Γtot ≈ Γsum for the pentaquark states, one gets the ratio
Γtot(Pc(4451))
Γtot(Pc(4448))
≈ 2.6, (15)
which is consistent with the ratio between Pc(4440)
+ and Pc(4457)
+. Then we have a possible assignment in the
present pentaquark picture: the Pc(4457)
+ and Pc(4440)
+ have quantum numbers JP = 3/2− and 1/2−, respectively.
6TABLE III: Rearrangement decays into open-charm channels for the (uud)8c(cc¯)8c pentaquark states in the case mu 6= md.
The numbers in the parentheses are (100|M|2/α2, 107Γ/α2·MeV). The symbol “−” means that the decay is forbidden.
States Channels Γsum
JP = 5
2
−
Σ∗+c D¯
∗0 Σ∗++c D
∗−
4519.6 (22.2,−) (88.9,−) 0.0
JP = 3
2
−
Λ+c D¯
∗0 Σ∗+c D¯
0 Σ∗++c D
− Σ+c D¯
∗0 Σ++c D
∗− Σ∗+c D¯
∗0 Σ∗++c D
∗−
4600.9 (0.0,0.0) (14.8,1.9) (14.9,1.9) (5.0,0.5) (4.9,0.5) (24.9,1.9) (24.2,1.8) 8.7
4496.3 (8.0,1.0) (1.8,0.2) (6.9,0.7) (2.5,0.1) (9.8,0.5) (15.1,−) (61.8,−) 2.5
4448.4 (7.4,0.9) (0.7,0.1) (2.5,0.2) (18.4,−) (74.0,−) (0.6,−) (2.6,−) 1.1
4339.4 (18.0,1.2) (16.1,−) (64.5,−) (0.0,−) (0.1,−) (0.1,−) (0.3,−) 1.2
JP = 1
2
−
Λ+c D¯
0 Λ+c D¯
∗0 Σ+c D¯
0 Σ++c D
− Σ+c D¯
∗0 Σ++c D
∗− Σ∗+c D¯
∗0 Σ∗++c D
∗−
4687.0 (0.0,0.0) (0.0,0.0) (0.9,0.1) (0.9,0.1) (7.0,0.9) (6.9,0.9) (36.7,4.0) (36.4,4.0) 10.1
4563.7 (0.0,0.0) (0.0,0.0) (13.9,1.9) (14.0,1.9) (27.8,2.6) (27.3,2.5) (2.9,0.2) (2.8,0.2) 9.2
4451.0 (1.3,0.2) (20.1,2.4) (0.7,0.1) (2.5,0.3) (7.1,−) (29.0,−) (7.2,−) (29.2,−) 2.9
4339.2 (31.7,4.2) (0.3,0.0) (0.4,0.0) (1.4,0.1) (6.3,−) (25.6,−) (4.8,−) (19.4,−) 4.3
4289.6 (0.3,0.0) (12.9,−) (17.5,−) (70.1,−) (0.0,−) (0.1,−) (0.3,−) (1.1,−) 0.0
Unfortunately, one cannot interpret the Pc(4312)
+ as the lowest (uud)8c(cc¯)8c with J
P = 1/2−. This lowest state has a
very narrow width because of the small coupling with the ΛcD¯
0 channel. If we add 22.3 MeV to its mass, this state can
also decay into ΛcD¯
∗0 and the Γsum in Table III is 0.6 now. We still cannot get the ratio Γ(Pc(4440)+) : Γ(Pc(4312)+)
consistent with the LHCb experiment. However, one may interpret the Pc(4312)
+ as the lowest JP = 3/2− state by
noting
Γtot(Pc(4451))
Γtot(Pc(4339))
≈ 2.4, Γtot(Pc(4339))
Γtot(Pc(4448))
≈ 1.1. (16)
The former is consistent with the ratio between Pc(4440)
+ and Pc(4312)
+ and the latter is consistent with that between
Pc(4312)
+ and Pc(4457)
+. The order of decay widths with this assignment is also consistent with the observed one,
Γ(Pc(4440)
+) > Γ(Pc(4312)
+) > Γ(Pc(4457)
+). If the above assignments are correct, probably three states should
exist around 4312 MeV, not just one. According to Table III, the broad one of the other two JP = 1/2− states has a
width around 30 MeV and the narrow one has a width less than 1 MeV.
Let us check predictions with the above assignments further, i.e. the Pc(4457)
+ (Pc(4312)
+) corresponds to the
JP = 3/2− pentaquark with mass 4448 (4339) MeV and the Pc(4440)+ corresponds to the JP = 1/2− state with mass
4451 MeV in Table III. For the Pc(4312)
+ state, it mainly decays into Λ+c D¯
∗0. For the Pc(4457)+, its dominant decay
channel is also Λ+c D¯
∗0. The partial width is larger than that into the Σ∗cD¯ mode. If the isospin symmetry breaking
is not considered, the ratio Γ(Pc(4457)
+ → Σ∗++c D−) : Γ(Pc(4457)+ → Σ∗+c D¯0) = |M(Pc(4457)+ → Σ∗++c D−)|2 :
M(Pc(4457)+ → Σ∗+c D¯0)|2 = 4 : 1 should be satisfied strictly in the model we use. This value is from the isospin
wave function. Since we consider the isospin breaking effects, this ratio is slightly smaller (∼ 3.9). For the Pc(4440)+,
it may decay into ΣcD¯ channels, not Σ
∗
cD¯. Large ratio Γ(Pc(4440)
+ → Σ++c D−) : Γ(Pc(4440)+ → Σ+c D¯0) ≈ 4 : 1 is
also expected.
TABLE IV: Rearrangement decays into open-charm channels for the Pc(4457)
+, Pc(4440)
+, and Pc(4312)
+ by assigning them
as JP = 3
2
−
, 1
2
−
, and 3
2
−
(uud)8c(cc¯)8c pentaquark states, respectively, in the case mu 6= md. The numbers in the parentheses
are (100|M|2/α2, 107Γ/α2·MeV). The symbol “−” means that the decay is forbidden.
States Channels Γsum
JP = 3
2
−
Λ+c D¯
∗0 Σ∗+c D¯
0 Σ∗++c D
− Σ+c D¯
∗0 Σ++c D
∗− Σ∗+c D¯
∗0 Σ∗++c D
∗−
4457.3 (7.4,0.9) (0.7,0.1) (2.5,0.2) (18.4,−) (74.0,−) (0.6,−) (2.6,−) 1.1
4311.9 (18.0,0.8) (16.1,−) (64.5,−) (0.0,−) (0.1,−) (0.1,−) (0.3,−) 0.8
JP = 1
2
−
Λ+c D¯
0 Λ+c D¯
∗0 Σ+c D¯
0 Σ++c D
− Σ+c D¯
∗0 Σ++c D
∗− Σ∗+c D¯
∗0 Σ∗++c D
∗−
4440.3 (1.3,0.2) (20.1,2.3) (0.7,0.1) (2.5,0.3) (7.1,−) (29.0,−) (7.2,−) (29.2,−) 2.8
Now we consider the effects by choosing different reference scales. If we add 22.3 MeV to all the pentaquark masses in
Table II, i.e. the lowest JP = 1/2− pentaquark has the mass of the observed Pc(4312)+, the Γsum’s for our pentaquarks
7assigned as 3/2− Pc(4457)+, 1/2− Pc(4440)+, and 3/2− Pc(4312)+ become 3.5, 4.1, and 1.4, respectively. The above
assignments are still allowed once the LHCb errors are included. However, the ratio Γ(Pc(4440)
+) : Γ(Pc(4312)
+) still
cannot be explained if the Pc(4312)
+ is treated as the lowest JP = 1/2− pentaquark state. If we add -27.5 MeV to
all the pentaquark masses in Table II, i.e. the lowest JP = 3/2− pentaquark has the mass of the observed Pc(4312)+,
the above assignments are not affected much. If we use different scales for the three states, i.e. adjust the masses to
their experimental values, we get results shown in Table IV. The Γsum’s are close to those obtained by adding -27.5
MeV to all the pentaquark masses in Table II.
From the above discussions, one may assign the Pc(4457)
+ as a JP = 3/2− pentaquark, Pc(4440)+ as a JP = 1/2−
pentaquark, and Pc(4312)
+ as a JP = 3/2− pentaquark in the (uud)8c(cc¯)8c configuration. Predictions for other
pentaquark states can be found in Fig. 1 and Table III. Further analyses about the J/ψp spectrum and open-charm
decay channels can answer whether the proposed assignments are correct or not.
TABLE V: Rearrangement decays for the S-wave (nnc)(nc¯) (n = u, d) molecular states in the isospin-symmetric case. The
numbers in the parentheses are (100|M|2/α′2, 107Γ/α′2·MeV). The symbol “−” means that the decay is forbidden. We do not
show open-charm decay channels since their couplings with the decay channels vanish.
States Channels Γsum
JP = 5
2
−
∆+J/ψ
(Σ∗cD¯
∗)I=
3
2 (11.1,1.3) 1.3
(Σ∗cD¯
∗)I=
1
2 (0.0,−) 0.0
JP = 3
2
−
pJ/ψ ∆+ηc ∆
+J/ψ
(Σ∗cD¯
∗)I=
3
2 (0.0,−) (4.6,0.7) (0.3,0.0) 0.7
(Σ∗cD¯
∗)I=
1
2 (6.2,1.1) (0.0,−) (0.0,−) 1.1
(ΣcD¯
∗)I=
3
2 (0.0,−) (3.7,0.5) (6.2,0.6) 1.1
(ΣcD¯
∗)I=
1
2 (1.2,0.2) (0.0,−) (0.0,−) 0.2
(Σ∗cD¯)
I= 3
2 (0.0,−) (2.8,0.3) (4.6,0.3) 0.6
(Σ∗cD¯)
I= 1
2 (3.7,0.6) (0.0,−) (0.0,−) 0.6
(ΛcD¯
∗)I=
1
2 (0.0,−) (0.0,−) (0.0,−) 0.0
JP = 1
2
−
pηc pJ/ψ ∆
+J/ψ
(Σ∗cD¯
∗)I=
3
2 (0.0,−) (0.0,−) (1.2,0.1) 0.1
(Σ∗cD¯
∗)I=
1
2 (7.4,1.5) (2.5,0.4) (0.0,−) 1.9
(ΣcD¯
∗)I=
3
2 (0.0,−) (0.0,−) (2.5,0.2) 0.2
(ΣcD¯
∗)I=
1
2 (0.9,0.2) (7.7,1.3) (0.0,−) 1.5
(ΣcD¯)
I= 3
2 (0.0,−) (0.0,−) (7.4,−) 0.0
(ΣcD¯)
I= 1
2 (2.8,0.5) (0.9,0.1) (0.0,−) 0.6
(ΛcD¯
∗)I=
1
2 (0.0,−) (0.0,−) (0.0,−) 0.0
(ΛcD¯)
I= 1
2 (0.0,−) (0.0,−) (0.0,−) 0.0
In the molecule picture, the masses of the observed Pc states are easy to understand. Now we concentrate on their
decay properties within the simple rearrangement model, Hdecay = α
′. Note that the value of α′ in this case may
be different from α in the compact pentaquark case. As a simple comparison study, we just consider the S-wave
molecules in the isospin-symmetric case with the approximation Mmole ≈ Mthreshold. In Table V, we present the
calculated partial decay widths for various states. The adopted simple model cannot give nonvanishing decay widths
for the open-charm channels. This probably indicates that the hidden-charm decays are important in the molecule
picture or that the decay model is oversimplified. For higher charmonium states, e.g. ψ(3770), their open-charm
channels should dominate the decays. If this is also the case for hidden-charm pentaquarks, the estimation of the
total decay widths relies on the branching ratios to J/ψp. Here, we use the constraints obtained in Ref. [28],
0.5% > B(Pc(4312)+ → J/ψp) > 0.05%,
2% > B(Pc(4440)+ → J/ψp) > 0.2%,
2% > B(Pc(4457)+ → J/ψp) > 0.1%, (17)
which indicate that the branching ratios into J/ψp for the Pc(4457)
+ and Pc(4440)
+ states have similar values while
that of Pc(4312)
+ is smaller. From Fig. 1 and Table V, the correspondence between molecules and the three Pc states
would be: the Pc(4312)
+ is a JP = 1/2− ΣcD¯ state and the Pc(4440)+ and Pc(4457)+ are two ΣcD¯∗ states with
different angular momenta. If JP of Pc(4440)
+ are 1/2−, we may use, for example, B(Pc(4440)+ → J/ψp) ∼ 2%,
8B(Pc(4457)+ → J/ψp) ∼ 1%, and B(Pc(4312)+ → J/ψp) ∼ 0.2% to understand the ratios in Eq. (14). If JP
of Pc(4440)
+ are 3/2−, we need a small B(Pc(4440)+ → J/ψp) and a large B(Pc(4457)+ → J/ψp) to understand
Γtot(Pc(4440)
+) > Γtot(Pc(4457)
+). The former assignment seems to be favored, but the latter assignment is also
possible. Then more experimental data are needed to confirm the JP assignments in the molecule picture.
From the JP assignments for the three Pc states in the pentaquark picture we consider and the molecule picture,
both pictures can explain the masses and decay properties for the Pc(4457)
+ and Pc(4440)
+ states consistently.
For the Pc(4312)
+, further measurements will be helpful to understand its nature, a 1/2− state or a 3/2− state.
However, detailed coupled-channel investigations in the molecule picture are definitely needed in order to draw a
further conclusion on the theoretical side. On the experimental side, searching for more states around the Pc(4312)
+
and measuring their properties are also strongly called for.
IV. THE udscc¯ PENTAQUARK STATES
TABLE VI: The results for the (uds)8c(cc¯)8c pentaquark states in the case mu 6= md. The CMI eigenvalues in the second
column and the pentaquark masses estimated with the Ξ′+c D
− threshold in the third column are given in units of MeV.
JP Eigenvalue Ξ′+c D
− Kud Kus Kuc Kuc¯ Kds Kdc Kdc¯ Ksc Ksc¯ Kcc¯
5
2
−
104.6 4670.1 2.67 -0.31 2.34 0.63 -0.36 2.32 0.70 1.33 4.67 -0.67
75.8 4641.2 -1.33 1.64 1.66 3.37 1.69 1.68 3.30 2.67 -0.67 -0.67
3
2
−
132.2 4697.7 3.43 3.25 0.97 -0.87 3.25 0.98 -0.94 1.39 -1.45 -0.66
90.5 4655.9 2.87 -1.11 1.96 1.76 -1.27 1.92 1.75 -0.16 3.15 0.87
54.3 4619.7 -2.04 1.38 0.30 2.30 1.51 0.34 2.28 2.37 1.30 1.24
39.6 4605.1 2.79 -0.73 -4.86 1.14 -0.83 -4.76 1.26 -0.13 4.17 0.05
2.7 4568.1 -1.86 1.43 -1.21 3.01 1.54 -1.32 2.97 -6.45 0.53 -0.28
-62.5 4503.0 2.92 -1.10 1.94 -1.75 -1.45 1.85 -2.38 0.24 -11.20 -0.26
-97.4 4468.0 -1.83 0.19 0.76 -6.67 0.55 0.85 -6.04 2.14 -0.20 -0.31
-159.5 4405.9 -6.27 -3.31 0.14 1.07 -3.28 0.15 1.08 0.60 3.70 -0.65
1
2
−
218.2 4783.7 3.36 3.32 0.74 3.09 3.31 0.75 3.08 0.89 2.99 0.64
93.1 4658.6 3.41 3.27 -2.82 -0.67 3.27 -2.83 -0.72 -3.38 -1.07 0.69
56.6 4622.0 3.08 -1.86 -0.04 2.22 -2.10 -0.10 2.21 -2.32 3.01 1.16
11.9 4577.3 -2.91 0.92 -2.15 2.60 1.13 -2.05 2.64 1.29 2.15 1.00
-44.4 4521.0 3.29 -2.52 -0.95 -4.40 -2.67 -0.93 -4.21 -0.26 3.29 -0.35
-100.0 4465.4 -3.92 0.86 -0.50 0.12 1.01 -0.51 -0.06 -0.85 -5.69 -0.29
-117.5 4447.9 2.85 -0.79 -3.99 -1.88 -1.24 -3.83 -2.73 -1.60 -11.54 -0.14
-140.1 4425.3 -1.89 -2.79 -0.95 -2.07 -2.33 -1.10 -1.29 -3.12 -0.25 0.66
-168.2 4397.2 -5.95 -0.13 -1.35 -4.45 -0.10 -1.41 -4.35 -2.49 3.70 0.76
-350.9 4214.6 -5.32 -4.28 0.01 -6.57 -4.27 0.00 -6.58 -0.16 -8.60 -0.13
In previous studies of pentaquark states in the (qqq)8c(cc¯)8c configuration [33, 41], a low mass Λ-type hidden-charm
pentaquark state was found. The mass is roughly consistent with that obtained in the molecule picture [4]. From the
above discussions, a uudcc¯ state can be understood within both the compact pentaquark picture and the molecule
picture. Probably similar feature also exists in the udscc¯ case once such a pentaquark state were observed. In this
section, we discuss the properties of the udscc¯ states in the compact pentaquark picture. The decay properties of
S-wave molecules are also given.
Table VI lists our results for the (uds)8c(cc¯)8c pentaquark states in the case mu 6= md, which includes the CMI
eigenvalues, pentaquark masses, and measures of effective interactions. The pentaquark masses are estimated with the
Ξ′+c D
− threshold. Two states sensitive to the value of Csc¯ are observed. In Fig. 2, we plot the relative positions for
such states as well as relevant baryon-meson thresholds. From the above discussions, the properties of the observed
Pc states can be understood with our estimations for the (uud)8c(cc¯)8c pentaquark states. In a natural manner, we
may assume that the obtained results in this section can explain the properties of some observed states in future
measurements.
To test whether the considered pentaquark picture and the adopted models are correct or not, we show our predic-
tions for the open-charm decays of the (uds)8c(cc¯)8c states in Table VII. From the results, the widths of such states
should be around tens of MeV, similar to the (uud)8c(cc¯)8c case, if the same α is adopted. The lowest state around 4.2
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FIG. 2: Relative positions for the obtained (uds)8c(cc¯)8c pentaquark states (solid and dashed short lines) and relevant meson-
baryon thresholds (dotted long lines). The pentaquark masses are given in units of MeV. We have used dashed short lines to
denote pentaquarks having dominantly I = 3/2 components.
GeV is interesting because of its narrow width. Although we cannot give nonvanishing partial widths for its hidden-
charm decay mode, in principle, it can decay into ηcΛ or ηcΣ
0. If our mass is underestimated, it can also decay into
J/ψΛ. From the coupling strength in Table VII, for its open-charm decay mode, the dominant channel should be
Λ+c D
−
s if the kinematics is allowed. This charged mode may also be helpful to search for a broader pentaquark around
4470 MeV (≈ Ξ0cD¯∗0 threshold). Around 4.4 GeV (≈ Λ+c D∗−s threshold), probably there are two almost degenerate
pentaquark states coupling strongly with the Λ+c D
∗−
s channel. If one of them is slightly below the threshold and the
other is slightly above the threshold, one gets a narrow state and a broader state. Around the Σ+c D
−
s threshold, a
narrow state is possible, although it may be slightly above the threshold. Other predictions can be similarly discussed
with the help of Table VII and Fig. 2. It seems that more exotic structures in the udscc¯ system are possible than
those in uudcc¯.
For a comparison study, we also estimate the partial widths for S-wave molecular udscc¯ states. The results are
presented in Table VIII. Different from the uudcc¯ case, not all the open-charm decays vanish in the adopted simple
rearrangement model, but the partial widths are comparable to the hidden-charm decay widths, even smaller. It looks
like that, in the molecule picture, the hidden-charm channels are more important than the open-charm channels.
Whether this is true needs more detailed studies because contributions from channel couplings and spacial wave
functions are not considered in the present work. Anyway, the differences in the decay behaviors in the compact
picture and the molecule picture are worthwhile study.
V. DISCUSSIONS AND SUMMARY
In the (uud)8c(cc¯)8c pentaquark picture, with the approximation Γtot ≈ Γsum, one gets only one JP assign-
ment, (Pc(4457)
+, Pc(4440)
+, Pc(4312)
+) → (3/2−, 1/2−, 3/2−), from their masses and the decay widths. In the
S-wave (nnc)(nc¯) (n = u, d) molecule picture, with the extracted constraints on the branching ratios into J/ψ from
Ref. [28], one has the assignment (Pc(4457)
+, Pc(4440)
+, Pc(4312)
+) → (3/2−, 1/2−, 1/2−), but the assignment
(Pc(4457)
+, Pc(4440)
+, Pc(4312)
+)→ (1/2−, 3/2−, 1/2−) is also possible. It is easy to identify the angular momenta
of the Pc states with their open-charm decay channels. From the results in Table VIII, the hidden-charm channels
may have even larger branching ratios than the open-charm channels in the molecule picture. Therefore, at present,
one cannot establish the molecule assignments for these three Pc states without any doubt. More experimental decay
information will be helpful to understand their inner structures.
In the pentaquark picture we consider, from Fig. 1, two more J/ψp states around the Pc(4312)
+ and two J/ψp
states below the Σ∗cD¯
∗ threshold are expected. In the molecule picture, one Σ∗cD¯ state and three Σ
∗
cD¯
∗ states should
exist if short-range interactions are not considered. The mass relations between the three Σ∗cD¯
∗ molecules should be
(Σ∗cD¯
∗)J=1/2 < (Σ∗cD¯
∗)J=3/2 < (Σ∗cD¯
∗)J=5/2. In the possibility that the (Σ∗cD¯
∗)J=1/2 is close to the ΣcD¯∗ threshold,
one more state around the Pc(4440)
+ is expected. If short-range interactions are considered, the number of molecular
states will be reduced because of the forbidden states [51]. Therefore, the full J/ψp spectrum is also helpful to
establish state assignments.
Now we take a look at the rough values of coupling constants in the adopted decay model by treating the Pc(4457)
+
12
(Pc(4440)
+) as a JP = 3/2− (1/2−) state. If one uses the measured width of Pc(4440)+, the value of α in the
compact pentaquark picture is about 8.4 GeV while that of α′ in the molecule picture is around 1 GeV. If one adopts
the width of Pc(4457)
+, we get α ∼ 7.6 GeV and α′ ∼ 2 GeV. Because the simple rearrangement model cannot
describe the hidden-charm and open-charm decays simultaneously, a smaller α should be more reasonable. It should
not be as small as α′, otherwise the hidden-charm decay ratios in the pentaquark picture will be contradicted with
the constraints extracted in Ref. [28]. New measurements on branching ratios can help to improve the decay model.
As mentioned in the introduction, the (qqq)1c(cc¯)1c components are excluded in both the considered pentaquark
picture and the molecule picture. If the hidden-color components, the short-range quark exchanges, and the coupled-
channel effects are considered in the molecule configuration, these two pictures are equivalent in the color-spin struc-
tures. The results in the same quark-level dynamical model should also be similar. However, the hadron-level molecular
models may give different results. The finding that the properties of Pc(4457)
+ and Pc(4440)
+ can be explained in two
different pictures is interesting. Since the short-range interactions are emphasised in the pentaquark picture while the
long-range meson-exchange interactions are important in the molecule picture, probably the finding implies that the
short-range quark-gluon interactions and the long-range boson exchange interactions are both important for these two
states. For the Pc(4312)
+, it is not clear which picture is the correct one. If short-range interaction and hidden-color
contributions are important, it is also possible to understand its properties with JP = 3/2− in the molecule picture.
The measured JP will be helpful to clarify the underlying interactions.
In the general case, probably the molecule picture including short-range interactions [51] is a more realistic descrip-
tion for the Pc states, where the (uud)8c(cc¯)8c structure can be viewed as an equivalent description for the short-range
core of the (nnc)(nc¯) molecules. To some extent, the situation is similar to the X(3872) in the scheme that it is a
cc¯ state affected by coupled channel effects [10]. From the coupling strengths given in Table III, one may understand
how short-range coupled channels affect the decay properties in the molecule picture. The Pc(4457)
+ state couples
mainly with the ΣcD¯
∗ channels. The Pc(4440)+ couples equally with the Σ∗cD¯
∗ and ΣcD¯∗ modes and couples strongly
with the ΛcD¯
∗ channel. The Pc(4312)+ couples dominantly with the Σ∗cD¯ channels as well as the ΛcD¯
∗. Since the
present comparison discussions rely only on simple estimations, deeper understanding is certainly needed.
To summarize, we have updated the estimated masses of the (uud)8c(cc¯)8c and (uds)8c(cc¯)8c pentaquark states
obtained in Ref. [33] by considering isospin breaking effects. The rearrangement decay properties are considered
within a simple model. Decays in the molecule picture is also crudely discussed. We find that both the masses and
decay properties of the Pc(4457)
+, Pc(4440)
+, and Pc(4312)
+ can be understood if one treats them as JP = 3/2−,
1/2−, and 3/2− compact pentaquark states, respectively. These properties can also be explained in the molecule
picture if one treats them as JP = 3/2− (1/2−), 1/2− (3/2−), and 1/2− S-wave states, respectively. Although
both pictures are acceptable, probably the molecular model including short-range contributions and coupled channel
effects is more realistic in describing the hidden-charm pentaquark states. Further information from experiments, in
particular information about the Pc(4312)
+, is needed to distinguish their inner structures. We hope the predictions
in this study can help future investigations.
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